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Spatial appreciation of Uow velocities using Doppler color Row 
mraplringbaJiedtoquaetitative~ltioaoftBe~dRaw 
co~lvergesce proxtmnl to a regurgitant orifice. Based on tbe theory 
ofeonwvationof~geometksnalysis,assomingnsertesof 
lwtd@& shells of imzeasing velocity as Ilow converges 00 the 
orlke-tbe sodled proximnl isovelocity surface area (PISA) 
e&et-has yielded methods promisiog noninvasive measurement 
of regnrgitmt Uow rate. When combined with conventional Dopp- 
ler ultfasonnd to mcvwte or&e velocity, regurgitant oritke area, 
the III& predictor of regmrgitation severity, can also be esti- 
mnted. ‘I&e ltlgb temporal resolotion of color M-mode can be used 
to evaluate dynamic hsnges in or&e area, as seen in many 
pnUmlogic conditions, wbieb enhances our appreciation of tbe 
Building the Tower 
The combination of two-dimensional echocardiography 
with spectral Doppler ultrasound allowed recognition of the 
distribution of regurgitant flow in relation to surrounding 
anatomy (l-3) yet it was only with the introduction of Doppler 
color fiow mapping that a spatial appreciation of intracardiac 
lIow velocity became clinically practicable (4-8). Doppler 
color lIow mapping was initially used for valve regurgitatiou 
like an “ulirasound angiogram,“ which was in fact d naive 
interpretation of this velocity vector technology. Reasonable 
success for semiquantitative assessment of severity was initially 
reported in mitral regurgitation (6,8,9) compared with angiog- 
raphy, when the color flow regurgitant jet distribution was 
analyzed, but it quickly became clear that the spatial jet 
distribution was significantly affected by both instrumentation 
(10) and hemodynamic factors (11). For this reason, the 
present review mainly concentrates on the role of Doppler 
color lIow mapping to analyze the zone of proximal gow 
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patbopbysiology of regnrgitatioa. The PISA q etlmdology is poten- 
tially applicable to any restrictive oritke and has gained some 
credibility in the quantitative valnatioo of other valve pntbologv, 
prticnlarly mitral and tticuspid regwgitation, and in congenital 
heart disease. Altltougb the current limitations of PISA estimates 
of regurgit.tvtion have temperpd its introduction as a valnable 
clinical tool, constderable etforts in in vitro and clinical research 
have improved our understanding of the problems and limitations 
of tbe PISA methodology and provided a firm platform for 
contlouing research into the sccsuate quantitative assessment of 
valve regurgitation and the expanding clinical role of quantitative 
Doppler color tlow mapping. 
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convergence, generally based on the principles of conservation 
of mass, and alludes to the early work on spectral Doppler and 
color Doppler of jet flows only by introduction and reference. 
Characteristic alterations in flow dynamics that occurprox- 
imal to a stenotic or regurgitant orifice had long been under- 
stood in fluid mechanics (12) but had been largely unrecog- 
nized in clinical cardiology until Doppler color flow mapping 
enabled visualization of spatial pow characteristics in relation 
to structural detail. Interest in using color flow velocity infor- 
mation quantitatively resulted in early reports of the presence 
of Row convergence, or spatial acceleration of flow proximal to 
serial obstructive lesions in vitro (13) and proximal to aortic 
coarctation in vivo (14). These reports demonstrated that by 
using computer-enhanced analysis of the color images, it was 
possible to estimate the rate of spatial acceleration, which 
contained quantitative information on the severity of obstruc- 
tion. As an example, in patients with coarctation of the aorta, 
by measuring how much this flow convergence zone narrowed 
proximal to the coarctation site, it was possible to infer the 
severity of the obstruction even if it could not be directly imaged. 
The first recognition that flow acceleration existed proximal 
to a regurgitant or&e was reported by Bargiggia et al. (IS) 
and separately by Okamoto et al. (16), both using color 
Doppler flow mapping. Okamoto et al. (16) described the 
presence of a hemispheroidai zone in regurgitant mitral valves, 
whereas Bargiggia et al. (15) used this information to make 
quantitative stimates of regurgitant flow rate. Yoshida et al. 
(17) utilized the presence of fhnv acceleration of the left 
ventricular side of the mitral valve in combination with the jet 
direction to evaluate the charactcrictia of mitral valve pro- 
lapse. Appleton ct al. (18) further dexribed the prewncc of 
proximal flow convergence in mitral regurgitation as an indi- 
cator of severity. but the concept that flow convergence could 
also be evaluated q~nrirariveIy by Doppler color flow to 
compute regurgitant flow rate was first fully reported by 
Recusani ct al. (19)’ who used the proximal flow convsrgence 
zone to assess volume flow in an in vitro model of regurgila- 
hon. Aithough this first study was performed using constant 
flow and idealized imaging conditions, it formed the basis for 
all current concepts of regurgitant flow quantitation by Row 
convergence methods. 
The barRding bioeks. The concept that volume flow can be 
determined from the flow convergence zone proximal to a 
regurgitant orifice is based on several assumptions: (1) All flow 
that parses through the flow convergence zone also passes 
through the regurgitant orifice. Very close to a valve surface, 
this assumption is usually a valid cne because the flow conver- 
gencc region is constructed from flow velocities accelerating 
toward artd through the regurgitant orifice. (2) There is 
symmetrical. unconstrained acceleration of flow from all angfes 
into an infinitesimally small, round. single regurgitant oriticc. 
producing a hemispheric geometry of flow. In these circum- 
stances, as flow accelerates toward the regurgitant orifice. the 
flow convergence zone will comprise isovelocity hemispheric 
shells of increasing velocity and decreasing surface area closer 
to the orifice. Each shell will have a particular velocity relative 
to its surface area that should be constant for any of the 
hemispheric flow regions. This product of velocity (cm/s) and 
hemispheric surface area (cm’) forms the basis of the regur- 
gitant volume flow calculation. If the radius of the isovet+?g 
hemisphere is measured as the distance from the regurgitant 
orifice, then the surface area can be calculated as follows: 
Hemispheric surface area = ?a?. 
where r = radius from the regurgitant orifice. If the proximal 
isovelocity surface area chosen is at a positron of color aliasing. 
then the surface velocity will be known, either as the Nyquist 
velocity value or a higher velocity multiple of the Nyquist 
velocity, depending on the number of previous aliases. 
In theory, this proximal isovelocity surface area, or PISA. 
allows an estimation of Row rate through the regurgitant 
orifice, and as a zone of accelerating, laminar Row imaging this 
area should be much less dependent on either instrumentation 
or hemodynamic factors than the spatial jet distribution within 
the receiving chamber. 
State of the Art 
‘Using PISA as a method of quantitating How is highfy 
attractive, particularly in mitral valve regurgitation, where the 
direction of the, regurgitant jet in the receiving chamber is 
difficult to predict anduhere interaction v ith the chamber ual( 
CdusCs \ignifktftt ahcration ‘n jet characteristics (31. 2:). 
Additionally, instrumentation facton. including pulse repeti- 
tion frequency and color flou gain as well a\ the driving 
pressure of regurgilation. all have significant effects on the 
cokrr Doppler-displayed spatial jet distribution. f3c~ause the 
mitral valve is ideally oriented for cchtrardiographic ;md 
Doppler imaging, it is hardly surprising that the main thrust of 
investigation has been directed at the quantitative asr<ssrrrcnt 
of mitral regurgitation and that interest in PISA calcitlatiom 
has spawned a number of recent in vitro and clinical studicj in 
this area. 
Mibal valve regurgftation: experimental modelirrg and 
clinical appkatioa. Ahhough the concept of using flow con- 
vergence to estimate regurgitant volume or regureitanl tkm 
rate appears relatively straightforward. tbe assumpt%ns in the 
methods are ovenimplificalions of the fluid dynamic\ of val- 
vuiar d&ass. In vitro aad computational studies play an 
essential role in undcntanding the results of Doppler color 
Row may,,n.~ and directing possible *!‘nical applica:ions that 
can b=e tested in v~vo. Extensive in vitro and clinical investiga- 
tions have highlighted some of the more impurtanr physical 
constraints of the technique. fbey have also highlighted the 
dynamic alterations that occur within the arcelcrarion zo~c. 
Roth the physical constraints and the dynamic changes have 
considerdbk effects on the clinical application of the fio~ 
convergence method of estimating the sclerip of mitraf valve 
regurgitation. 
The earliest flow images published showed hemispheric 
zones of aliasing. However, color Doppier-like pulsed Doppler 
is angle dependent. and color images are therefore not truly 
representative of flow velocity vecton. The assumption that the 
proximal isoveloci~ surface areas are hemispheric is not 
always valid. Rodriguez et al. (2.3) predicted that if the 
regurgitant orihce was infinitesimally small. then the Row 
convergence region would be hemivheric right up to the 
regurgitant orifice. However. with an orihce of finite size. as 
occurs in the clinical situation. there would be a progrtrsive 
flattening of the isovelocity surfaces as they approach the 
regurgitant oritice (23), suggesting that the gumption of a 
hemispheric how region would be valid only for distances 
greater than two orifice diameters from the regurgitant orifice. 
One would not expect this to be too problematic clinically 
because it would seem wise to measure an isovelocity hemi- 
sphere distant from the orifice so as to minimize potential 
errors in estimating the radius of the hemisphere. This mea- 
surement can be achieved quite simply by altering the cok)r 
baseline shift. thereby moving the position of a,lur aliclsing 
farther from the regurgitant orihce (24). However. using a low 
velocity alias &at is too distant from the regurgit~t orifice will 
cause a potential overestimation of the true Row rate. as a 
function of mapping a flow convergence region where isove- 
locities are hemisphem&ful rather than hemispheric at this 
point (25,%). an observation that aas also confirmed by initial 
reports of ffmv velocity mapping using magnetic re5onancL’ 
imaging (27+2Q. The concept of the devefoping proximal flow 
506 SlMPSON ET AL. 
FLOW CONVERGENCE FOR CLINICAL APPLICATIONS 
JACC Vol. 21. No. 2 
Fehrwy 19%:504-9 
held is important in understanding the limitations of PISA 
methods. Data suggest that the proximal flow field alters from 
essentially lamirrar flow in the body of the ventricle, to a 
hemispheroidal flow as lateral forces entrain it toward the 
orifice, to a truly hemispheric flow field and finally a progres- 
sively Battening field near the orifice. The position chosen for 
PISA estimation is critical for accurate quantitative valuation. 
In addition, if measured at too great a distance from the orifice 
entrance, there is a potential contribution of flow destined for 
other places, like the aorta, contaminating the flow field. 
Similarly, Zhang et al. (29) showed that in an animal model of 
mitral regurgitation, an overestimation of flow rate occurred if
they used the first alias velocity is used where the flow field is 
more hemispfieroidal, and a significant underestimation of 
flow rate occurred at the third alias in a flattened flow field 
near the orifice. In their study, the use of the second alias 
velocity was more predictive of the actual regurgitant flow rate. 
Deng et al. (26) utilized computer-enhanced analysis of Dopp- 
ler color flow map images to define the relation of velocity 
thresholds to regurgitant pressure gradient over a range of 
orifice sizes. For a given shape of isovelocity surface area, it 
appears possible to select a velocity threshold based on regur- 
gitant pressure gradient hat will provide accurate quantitative 
analysis of volume flow irrespective of orifice size. For pulsatile 
Rows, this might mean that the velocity threshold that should 
he used for best accuracy might change as a function of the 
pressure decrease during systole. 
The accuracy of the proximal isovelocity surface area to 
estimate volume flow is highly dependent on radius measure- 
ment from the regurgitant orifice and definition of the orifice 
point of origin. This potential error can be minimized by using 
high resolution imaging with zoom magnification, but the exact 
position of the regurgitant orifice may still be difficult to define. 
Even in severe mitral regurgitation, the zone of proximal flow 
convergence is relatively small, and measurement errors will 
have a sign&ant impact on the estimated regurgitant flow 
rate. Vandervoort et al. (30) proposed a novel automated 
algorithm that wou!d estimate the position of the regurgitant 
orifice relative to the flow field as imaged by Doppler color 
flow mapping. Their method suggests hat in a region of flow 
convergence at P distance from the regurgitant ori!& (usually 
greater than two orifice. diameters, as previously indicated), it
is possible to generate an “expected flow field” from the 
regurgitant orifice by computer simulation. Because the true 
location of the orifice is not known, multiple expected flow 
fields can be derived and compared with the observed flow 
field imaged by Doppler color flow mapping. In this way, the 
derived flow field that most closely matches the observed gow 
geld will pinpoint he location of the regurgitant orifice, which 
can then be used to estimate regurgitant flow rate from the 
proximal isoveiocity surface area method applied in the con- 
ventional manner. One limitation of their particular method- 
ology is that it always assumed a hemispheric flow field for 
PISA caIculation. 
In the clinical situation, both time during systole and 
motion of the vaIve piay a sign&ant role. The mitral orifice is 
not static throughout systole. and it is reasonable to expect that 
dynamic hanges in the regurgitant orifice location may cause 
substantial alterations in the characteristics of the proximal 
flow convergence zone. Cape et al. (31) have highlighted the 
fact that cardiac motion, particularly movement of the regur- 
gitant orifice, may affect the calculation of flow rate using the 
proximal isovelocity surface area. The transducer will measure 
the actual velocity relative to the transducer, but this velocity 
will relate less to the orifice, which may be moving away from 
the transducer. The result could either overestimate or under- 
estimate the regurgitant flow rate, depending on the relative 
motion of the orifice. If M-mode echocardiography is used to 
determine the orifice motion, the velocities of the proximal 
isovelocity held area may be corrected accordingly. 
The maximal flow convergence radius at any velocity value 
will tend to occur at peak systole where analysis of the proximal 
isovelocity surface area will result in a value for peak regurgi- 
tant flow mte rather than the actual regurgitant volume. The 
temporal sequence of pulsatile flow will vary during systole. 
Regurgitant flow volume will be an integral of flow rates during 
systole, and if the proximal flow convergence r gion is to be 
used to calculate regurgitant flow volume, this must be taken 
into account. The real-time two-dimensional spatial apprecia- 
tion of flow velocity by Doppler color flow mapping is only 
possible with the limited temporal resolution limiting frame 
rate as a function of the increased requirements in sequential 
packet pulse trains required for velocity accuracy. This limits 
the ability of the technique to track the systolic variation in the 
flow convergence r gion as a function of changing flow rate. 
M-mode echocardiography as substantially better temporal 
resolution and velocity accuracy and has the potential to more 
readily reflect the temporal effects of pulsatile flow on the flow 
convergence zone and has become important in pulsatile flow 
in vitro and in vivo and clinical studies. 
The first clinical description of the flow convergence r gion 
for Doppler color flow mapping was in the appreciation of the 
sites of prolapse regurgitation (17) or mitral prosthetic valve 
regurgitation (32). In a mechanical mitral valve prosthesis it
may be difficult to image the regurgitant jet by transthoracic 
echocardiographic Doppier study because of acoustic shadow- 
ing in the left atrium. The presence of flow convergence on the 
left ventricular side of the mitral valve prosthesis not only 
confirms the presence of regurgitation, but also localizes the 
site of the leak with a high degree of accuracy. Although this 
qualitative appreciation of mitral regurgitation can be clinically 
useful, it is the potential for more quantitative information that 
has prompted the evaluation of the flow convergence r gion in 
the clinical setting. 
An early clinical series with quantitative application of the 
flow convergence methodology was also described by Bargiggia 
et al. (33) wherein maximal flow convergence c&mates of 
maximal regurgitant llow rate were compared with the angio- 
graphic severity of regurgitation in 52 consecutive patients with 
mitral regurgitation. That PISA estimates of regurgitation 
correlated well with angiography (r = 0.91) was not only 
encouraging but was enhanced by the fact that tbis was 
JACC Vol. 27. No. Z SIMPSON ET AL. 
Fehmm 199h:SlM-9 FLOW CONVERGENCE FOR CL.INICAl. APPLICATIONS 
significantly better than the correlation with spatial jet vsri- 
ables in the same patient group (r = 0.75). Sin&then, similarly 
encouraging reports (34) have been published comparing flow 
convergence s:imates of regurgitation with the regurgitant 
flow rate and stroke volume estimated by more conventional 
two-dimensional echocardiography and spectral Doppler tcrh- 
niques. By combining PISA information with continuous wave 
Doppler recordings of mttral regurgitation velocity for timing 
and velocity time integrals, Geisler et al. (35) were able to 
make an estimate of regurgitant stroke volume and compare 
this with the invasive assessment of regurgitation severity and 
angiographic/Pick estimates of regurgitant stroke volume. The 
flow convergence stimates of regurgitation severity correlated 
well with angiographic grade of regurgitation (r = 0.91) and 
there was a similarly good correlation of regurgitant stroke 
volume estimates (r = 0.88). 
The complexities of estimating true regurgitant volume, 
taking into account the temporal changes in regurgitation 
through the cardiac cycle or using estimates derived from time 
velocity integrals, have led to interest in a more basic deter- 
minant that can be derived from this method-the assessment 
of e&rive repgitunf orifice area (36). The effective regurgitant 
orifice area is smaller than the anatomic orifice area and is 
sited slightly distal to the anatomic orifice, toward the receiving 
chamber at the vena contracta of the tramorifice flow, but 
more readily represents the area of regurgitant flow. Because 
the effective orifice area is a major determinant of the severity 
of mitral regurgitation. estimation of this variable has partic- 
ular clinical significance: 
Regurgitant flow rate (cm%) 
Regurgi!ant orifice arta (cm’) = ____ Regurgitant velocity !crn/s) ’ 
The proximal isovelocity surface area will generally provide an 
estimate oft; e peak regurgitant flow rate if the maximal flow 
convergence Tegion is utilized, and the peak velocity of regur- 
gitation can be measured irectly by continuous wave Doppler. 
This principle has been tested in vitro to establish that 
regurgitant orifice area can be estimated, with excellent results 
(36) (r = 0.99 compared with true regurgitant oriice area). 
Confirmation of this concept using spectral Doppler echocar- 
diography has also been reported (37). Enriquez-Sarano et al. 
(36) have also provided encouraging initial clinical results 
compared with two-dimensional echocardiographic spectral 
Doppler-derived stroke volume and regurgitant fraction, as 
well as good angiographic correlation in a subgroup of 20 
patients (r = 0.81). 
Application of this methodology has been reported in a 
large unselected patient population with mitral regurgitation 
to estimate the averaged effective mitral regurgitant orifice 
area by the proximal isovelocity surface area method (38). This 
study is particularly welcome as it covers a wide range of 
regurgitation severity, a wide spectrum of valve morphology. 
The authors have demorstrated the validity of PISA derived 
regurgitant orifice area estimates over a broad spectrum of 
clinical circums~. It is encouraging to note that it was 
feasible to estimate effective oritice area in 98% of the study 
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population, and optimal flow convergence visualization was 
obtained in 92%. There was a tendency to overestimate orifice 
area for the whole group though not for those patients with 
optimal imaging characteristics. 
Dynamic nature Of the reg0rf#aot orifice. The regurgitant 
orifice is not necessarily constant throughout systole, and this 
can potentially have * n*nfn 5 . ..U.Vcnd cffcct on the estimation of 
regurgitant severity. Instantaneous regurgitant orifice area can 
be estimated from the instantaneous regurgitant flow rate 
calculated using a PISA methodology based on color M-mode 
and combined with the instantaneous regurgita,rt orifice veloc- 
ity measured using continuous wave Doppler ultrasound. Ap 
plication of this methodology in clinical studies has yielded 
interesting insights (39). It would appear that in patients with 
dilated cardiomyopathy. the regurgitant orifice decreases dur- 
ing systole, whe -as in mitral valve prolapse the orifice area 
increases considerably in nidsystole. Regurgitant orifice area 
probably remains fairly constant hroughout systole in patients 
with rheumatic mitral regurgitation. Color flow mapping com- 
bined with conventional Doppler ultrasound may well provide 
useful clinical information about the pathophysiology of valve 
regurgitation as well as quantifying its severity. The realization 
that this dynamic variation in regurgitant orifice area may be 
dependent on valve morphology was further illustrated by the 
clinical study of Enriquez-Sarano et al. (38), where overesti- 
mation of orifice area was found mainly in the group with 
mitral valve prolapse, whose regurgitant orifice is larger at 
end-systole. The PISA estimates of regurgitant flow rely on the 
“maximal” flow rate, which will tend to overestimate the true 
mean flow rates, especially in situations of dynamic orifice 
alteration. Accurate estimation of effective regurgitant orifice 
area would appear to be possible in the vast majority of 
patients in whom optimal imaging of the flow convergence 
region is obtained despite variation in valve morphology. 
other applications. To date there h rs been limited appli- 
cation of Doppler color flow mapping iz the proximal flow 
zone to other valve pathology. It has been applied to mitral 
valve stenosis (40). more as a model for validating the flow 
convergence technique in the clinical setting, although it does 
provide an additional method of estimating the effective orifice 
area in mitral stenosis. These studies on mitral stenosis (40,41) 
were the first to use alterations of the surface of the hemi- 
sphere over which acceleration is manifest as a function of inlet 
geometry and flow constraint. We previously demonstrated 
(42) that a zone of proximal flow convergence proximal is 
present in both tricuspid and puhnonary regurgitation. More 
recently, PISA methodology has been used to quantify the 
severity of tricuspid regurgitation (43), estimate the tricuspid 
regurgitant orifice area (44) and define the dynamic changes in 
the tricuspid regurgitant orifice (45) similar to that for mitral 
regurgitation. as previously described. As yet, there is scant 
information with regard to aortic regurgitation, although the 
fundamental concept of estimating aortic regurgitant orifice 
area has been established from invasive (46j and noninvasive 
(47) investigations using conventional spectral Doppler ultra- 
sound. 
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In studies of congenital heart disease, the Row convergence 
methodology had been used for flow across ventricular septal 
defects (48) by transthoracic echocardiography and for atrial 
septal defects (49) imaged by transesophageal echocardiogra- 
phy. In the former study, both the area of flow convergence on 
the left ventricular side of the defect and use of the PISA 
isovelocity methodology ‘to estimate flow across the defect 
correlated with the shunt flow at cardiac catheterization. In 
defects that may be difficult to size in certain patients by 
two-dimensional echocardiography alone, Doppler color flow 
mapping enhances imaging of the size of the ventricular septal 
defect and also allows more quantitative information to be 
obtained from the flow convergence region. The use of trans- 
esophageal imaging in patients with atrial septal defects is a 
further application of the flow convergence technology but 
possibly of considerably less clinical relevance, as has been 
stated in a previous comment (50). 
The Leaning Tower of P&k Will It Stand or 
Will It Fall? 
There has been considerable and justifiable interest in the 
flow convergence zone imaged by Doppler color flow mapping 
in the past few years, mainly in the hope that it will finally 
provide an accurate, quantitative estimation of the severity of 
mitral regurgitation, possibly the most elusive calculation for 
modem cardiac imaging. As an accelerating flow held, it is 
hydrodynamically more stable, with laminar flow that is inher- 
ently more suited to quantitation by color Doppler than the 
decelerating jet spray of turbulent regurgitation flow within the 
left atrium. Nor is the method limited by receiving chamber 
effects or dependent to the same extent on instrumentation 
factors or hemodynamic variables. Nonetheless, deriving quan- 
titative information using the proximal isovelocity surface area 
method has problems and pitfalls highlighted by the extensive 
in vitro and clinical work previously described. The assump- 
tions used in the analysis of the flow convergence region are 
based on a nonviscous fluid regurgitating through an infinitely 
small orifice. A truly hemispheric flow zone is present only at 
a certain distance from the regurgitant orifice, the so-called 
sweet zone at a radial distance of greater than one orifice 
diameter. A hemispheric flow field will occur at a greater 
distance from a large versus a small regurgitant orifice. The 
predictability of the hemispheric or the hemielliptic contour 
methods will also be significantly affected by the iulet geome- 
try, particularly by alterations in the leaflet angle, similar to 
mitral valve stenosis, where inlet-angle correction of velocity 
information may be required. That dynamic alteratton in 
orifice diameter complicates the clinical application of PISA 
methodology, and the temporal effect on regurgitant flow 
needs to be taken into account if true regurgitant volume is to 
be accurately estimated, also the position of the regurgitant 
orifice necessary for radius measurement may change ‘during 
the cardiac cycle. These limitations refIect the reasons why the 
PISA tower continues to lean, and an awareness of these 
JACC Vol. 2:. No. 3 
February IYYWW-Y 
pitfalls combined with continuing research are needed to 
straighten the tower and prevent its downfall. Solutions to 
some of these problems may already be in sight with auto- 
mated characterization of the velocity sequences in the accel- 
eration flow field and prediction of the location of the regur- 
gitant orifice using as a primary source digitally coded velocity 
vector information rather rhan color images from videotape 
(51). Estimation of the effective regurgitant orifice area, the 
major determinant of the severity of regurgitation. appears not 
only possible, but could bc an increasingly practical tool for 
assessing regurgitation in a large, unselected patient population. 
Clinicians may question the need to have accurate estimates 
of the severity of mitral regurgitation. They may argue that it 
is not the volume of regurgitation that is important. more its 
functional consequences, and that this can only be fully judged 
by symptomatology, clinical examination and the composite 
result of multiple, often serial investigations. h’owever, as 
intervention for mitral regurgitation becomes an option at an 
earlier stage in its natural history with advances in reconstruc- 
tive surgery and for more rationally judging the effects of 
pharmacologic treatment, there is a continumg need for accu- 
rate evaluation of volumetric mitral regurgitation. There is 
considerable promise that PISA estimates from Doppler color 
flow mapping will fulfill this role. Continued clinical and 
experimcatal evaluation of both two- and three-dimensional 
implementations, combined with digital integration of the 
various aspects of the methodology directly into commercially 
avait:ble ultrasound equipment, should promote enhanced and 
expanded applications of these methods in clinical cardiolom. 
References 
1. Matsui H. Kitahatake A, Hayashi T. e1 i!. Intracardiac Row dynamics wh 
hi-directional pulsed Doppler technique. Jpn Circ J lY77;41:515-28. 
2. Kalmanson D. Veyrat C. Abithol G, Farjon M. Doppler echocardiography 
and valvular regurgitation with special emphasis on mitral insutliciency: 
advantages of twodimensional echocardiography with real-time spectral 
analysis. In: Rijsterborgh H. editor. Echocardiography. The Hague: Marti- 
nus Nijhoff, 1981:27Y-90. 
3. Miyltake K, Nimura Y Sakakibara H, et al. Localization and direction of 
mitral regurgitant ilow in mitral orifice studied with combined use of 
ultrasonic pulsed Doppler technique and twodimensional echocardlogra- 
pny. Br Heart J lY82;48:449-58. 
4. Katabatake A, hlasuyama T. Asao M. et al. Colour visualisaticn of two- 
dimensional diwibution of intracardiac flow ahnormalities by multigate 
Doppler technique. In: Spencer M. editor. Cardiac Doppler Diagnosis. The 
Hague: Martinus Nijhoff. lY83:.W-18. 
5. Miyatake K, Okamoto M, Kisosbita N, et al. Clinical applications of a new 
type of real-time twodimensional Doppler llow imaging system. Am 3 
Cardior lY84;54:8S7-68. 
h. Omoto R. Yokote ‘f. Takamoto S, et al. The dcvelopmcnt of real-time 
twwo-dimensional Doppler echocardiography and its clinical significance in 
acquired valvular diseases with special rsferencc to tne evaluation of valvular 
regurgitation. Jpn Heart J lYLw;25:325-40. 
7. Sahn DJ. Real-time two-dimensional echocardiographic Row mapping. 
Circulation 1985;71:&&963. 
8. Miyatake K lzumi S, Okamoto M, et ai. Semiauantitdtivc aradinr! of weritv 
of mitral regurgitation by real-time two-dimensional Do&er flu&v imaging 
techniques. 1 Am Coil Cardiol 1986;7:82-8. 
9. Helm&e F, Nanda NC. Hsuing ,tiC, et al. Color Doppler ?ssewment of 
mitral regurgitation with orthogonal,planes. Circulation 1987;75:175-83. 
10. Sahn DJ. hztrumentation and phy&al factors related to visualization of 
J.\CC Vol. 27. No. 2 
February 1‘M5lI4-9 
stenotic and regurgitant jets by Doppler color Row mapping. J Am Co11 
Cardiol 1988;12:13.(4-65. 
IL, Simpson IA. Valdes-Crur LM. Sahn DJ, Murillo A. Tamura T. Chung 10. 
Doppler color flow mapping of simulated in vitro regurgitant jets: evaluation 
of the effects of orilke size and hemodynamic variables. J Am Coil Cardiol 
1989;13:1195-207. 
12. Care CG, Pedky TJ, Schroter RC. Seed WA. The Mechanics of the 
Circulation. Oxford, UK: Oxford Medical Puhlicatiotts. 1978:39-41. 
13. Simpson IA. Valdes-Crw LM. Yoganathan AP. Sung HW. Jimoh A. Sahn 
DJ. Spatial velocity distribution and acceleration in wrial subvalve tunnel 
and valvular obstructions: an in vitro study using Doppler color Rou 
mapping. J Am Co8 Cardiol 198913:241-X. 
14. Simpson IA. Sahn DJ. Valdes-Cruz LM. Chung KJ. Sherman FS. Swensson 
RE. Color Doppler Row mapping in coarctation of the aorta: new obsena- 
tions and improved evaluation using color Row diameter and proximal 
acceleration as predictors of severity. Circulation 1988;n:736-44. 
15. Bargiggia G. Recusani F. Yoganathan AP. et al. Color flow Doppler 
quantitation of regurgitant flow rate using the flow convergeencc region 
proximal to the orifice of a regurgitant jet [abstract]. Circulation 198878 
Suppl11:11-609. 
16. Okamoto M. Tsubokura T, Nakagawa H. et al. The suction signal detected 
by color Doppler echocardiography in patients with mitral regurgitation: its 
clinical significance. J Cardiol 1988%739-46. 
17. Yoshida K, Yoshikawa I, Yamura Y, et al. Value of acceleration flow and 
regurgitant jet direction detected by color Doppler Rou mapping in the 
evaluation of site of mitral valve prolapse. Circulation 1998;81:879-85. 
18. Appleton CP, Hatle LK. Nellessen U, Schnittger I, Popp RL Flow velocity 
acceleration in the left ventricle: a useful Doppler echocardiographic sign of 
hemodymunically significant mitral regurgitation. J Am Sot Echocardiogr 
1990:3:35-45. 
19. Recusani F. Bargiggia G. Yoganathan AP. et al. A new method for 
quantilication of regurgitant flow rate using color Row Doppler imaging of 
the flow convergence region proximal to a discrete oriliw an in vitro study. 
Circulation 1991;83:594-604. 
20. Chao K. Moiscs VA. Shandas R. Elkadi T. Sahn DJ. Weintraub R. lnRuence 
of the Coanda effect on color Doppler jet area and color cttcoding: in vitro 
crudies using color Doppler flow mapping. Circulation 199?:85:333-41. 
21. Cape EG, Yoganathan AP, Weytnan AE. Levine RA. Adjacent solid 
boundaries alter the size of regurgitant jets on Doppler color flow maps. 
J Am Coil Cardiol 1991;17%94-ItJ?. 
22. Chen CG. Thomas JD, Anconina J, et al. Impact of impinging wall jet on 
color Doppler quantihcalion of mitral regurgitation. Circulation 1991;84 
712-20. 
23. Rodriguez L Ancottina J. Flachskampf FA. Weyman AE. Levine R4 
Thomas JD. Impact of finite orifice size on proxtmal flow convergence: 
implications for Doppler quantification of valwlar regurgitation. Cii Res 
199?;70:923-38. 
24. Utsunomiya T, Doshi R. Pate1 D. et al. Calculation of volume flow rate by 
the proximal isovelocity surface area method: simplified approach using 
color Doppler zero baseline shift. J Am Coil Cardiil 199X2X77-82. 
25. Shandas R. Gharih M, Liepmann D, Shiota T, Sahtt DJ. Eapctimentai 
studies to d&e the geometty of the flw convergence region: laser Doppler 
particle tracking and color Doppler imaging. Echocardiography 1992;9:4.1- 
50. 
26. Deng YB, Shiota T. Shandas R. Zhang J. Sahn DJ. Determination of the 
most appropriate v&city threshold for applying hemispherical flow comer- 
gencc equations to calculate flow rate: selected according to the transotilice 
pressure gradien!. Circulation 1993;88:1699-708. 
27. Weintraub R, Shandas R. Cranttey G, Walker P. Yoganathan A, Sabn DJ. 
Comparisort of flow convergence (FC) calculations using color Doppler Bow 
mapping, CD) and phase velocity encoded MRI: an in vitro study [abstract]. 
Circulation 199184 Suppl11:11-636. 
28. Cranney G, Shandas R, Liepmann D, et al. Phase velocity NMR quantifi- 
cation of the proximal flow convergence region: in vitro studies using 
$t;;;y oriftces and pulsatik Row [abstract]. Circulation 1991;84 Suppl 
29. Zhattg I, Jones M, Shandas R et al. Accuracy of flow cwrvergence estimates 
of mitral rcgutgitant Row rates obtaiied by use of multiple color flow 
Doppler M-mode -&sing boundaries: an ekpetimentaJ animal study. Am 
Heart J 1993;12%449-58. 
30. Vattdenoort PM, Thoreau DH, Riera M. Levii RA. Weymatt AL 
Thomas JD. Automated Bow rate Qleulatiorts based on digital analysis of 
SIMPSON FT AL so9 
FLOW CONVERGENCE FOR CLINICAL APPLICATtONS 
flow convergmce proximal to regurgitant orifices. J Am Coil Cardiol 
1993:2?:535-41. 
31. Cape EG. Young HK. Heinrich RS. et al. Cardiac motion can alter proximal 
isovelocity surface area calculations or regurgitant flow. J Am Coil Catdiol 
1993:??:1730-7. 
32. Bargiggia GS. Trottconi L Raisaro A et al. Color Doppler diagnosis of 
mechanical prosthetic mitral regurgitation: usefulness of the Row cower- 
gence region proximal to the regurgitant orifice Am Heart J 19WXO:li37- 
12. 
33. Bargiggia GS. Tronconi 1 Sahn DJ. et al. A new method for quantitation of 
mitral regurgitation based on color Row Doppler imaging of Row cotwer- 
gettce proximal to regurgitant orifice Circulation 1991:8l:1481-9. 
.U. Rivera JM. Vandervoort PM. Thoreau DH. Levine RA. Weyman AE. 
Thomas ID. Quantitication of mitral regurgitation with the proximal Row 
convergence method: a clinical study. Am Heart J 1992:124:1289-96. 
35. Geisler M. Grossman G. Schmidt A, et al. Color Doppler echocardiographic 
determination of mitral regurgitant flw from the proximal v&city profile of 
the Rou convergence region. Am J Cardiol 1992:71:?17-21. 
36. Enriquez-Sarano M. Seward JB, Baik) KR. T:..~ .%I. Effective regurgitant 
orifice area: a noninvasive Doppler development of aa old hetnodynarttic 
concept. J Am Co!1 Cardiol 1994:23344Ml. 
.? Sanden-oort PM. Hera JM. Mele D. et al. Application of color Doppler 
flow mapping to calculate effective regurgitant orifice area: an in vitro study 
and initial clinical observations. Circulation 1993:88z115&6. 
38. Enriqucz-Sarano M. Miller FA. Hayes SN. Bailey KR. Tajik AJ. Seward JB. 
Effective mitral regurgitant orifice area: clinical use and pitfalls of the 
proaimal isovelwity surface area method. J Am Co8 Cardiol 19%5:703-9. 
39. Schwamtttenthal E, Cben C. Bcnning F. Block M. Breithardt G. Le\irte RA. 
Dynamics of mitral regurgitant flow w* and orilke area. Physiologic 
applicatioo of tbe proximal Row convergence method: dittical data and 
experimental testing. Circulation 199~90:.387-22. 
40. Rodriguez L Thomas JD. Monterroso V, et al. Yalidatiin of tbe proximal 
Row convergeme method: calculation of oritice area in patients with mitral 
stenosis. Circulation 1993:88:1157-65. 
41. Pu M. Vandetwxxt PM. River M. Thomas ID. Proximal Row mttstraint by 
the wttricular wall causes overestimation of regurgitation flou in mitral 
regurgit~ttion. In vitro assessment [abstract]. Circulation 1993% Suppl l(Pt 
?):I-110. 
42. Maciel BC. Simpson IA. Valdes-Crua LM. et al. Color flw Doppler 
mapping studies or “physiologic” pulntonaty and tricuspid reprgitatiotc 
aidence for true regurgitation as opposed to a babe closing volume. J Am 
Sot Ecbocardiogr 1991;4:589-97. 
43. Riiera JM. Vandetvoort PM. Mele D. et al. Quantilicatioa of trkuspid 
regurgitation by means of tbe proximal lhm convergence method: a clinical 
study. Am Heart J 1%4:127:13~%t-62. 
44. Rivera JM. Mele D, Vanderwott PM. Morris E Weyman AE Thomas JD. 
Effective regurgitant orifice area in tricuspii regurgitatiott: clinical imple- 
mentation and follow-up study. Am Heart J 1995;128:927-33. 
45. Okura H, Yoshikawa 1. Yosbida K et al. Dynamic changes in bicwpid 
regurgitant or&e area; a clinical study using Doppkr color ti proaintal 
isovelocity surface area method. Jpn Med Ultrasott 1993?fk744-18. 
46. Reimold SC. Gattr P. Bittl Jk et al. EtTectivc aortic regurgitant otilice area: 
description of a method based on the consetvatkm of masE. J Am Coil 
Cardiil lW1:18:761-8. 
47. Reimold SC. Maier SE. Fleischmann KE et al. @.namic nature of the aortic 
regurgitant orihce area duriig diiole ia pattents with chronic aortic 
regurgitation. Ciiculation 1994;89%85-92. 
18. Moises VA Maciei BC. Hot-nberger LK. et al. A new m&xl for ttottinxi- 
sive estimatiw, of vetttrkular septal defect shunt fltm by Doppler color llw 
mapping: imaging of the laminar tlosv convergence region on the left septal 
surface. J Am Toll Cardii 1991:18:824-32. 
49. Rittoo D. Sutherland GR, Sbaw TR. Quantitication of left-tmight axial 
shunting and defect size after balbnm mitral commhaurototrty using biplane 
mmmphageal echocardiography, color &a Doppler mapping. and the 
principle of pmaimal llow cottwgettce. Ciiculation 1993:87:1591-603. 
50. Simpson LA. Quantitatbe color Doppler low mapping: is Boa cotwerge’gence 
at the end of the rainbow? Ciilatii 1993;87:1762-4. 
51. Shim T. Jones M. Teiea DE. et al. Ewluatii of mitral regurgitatiott Icsittg 
a dig&dly detertniued color Doppler Ilow cottvergettce cetttreli aaehxa- 
tim meti studies in an animal model with quatttilkd mitral regurgitation. 
Circulation 1993;8%2879-87. 
